Changes in endogenous gibberellin-like substances (GAs) and related compounds in the shoot apices of Lolium temukntum during and after flower induction by one long day was examined for plants grown in three consecutive years. The total GA level in the shoot apical tissue was high (up to 42 mirograms per gram dry weight, or 3 x 10' molar GA3 equivalents) increasing several-fold on the day after the long day and then declning. Of the many GA-like substances present, the putative polyhydroxylated components-with HPLC retention times between those ofGAs (three hydroxyls) and GA32 (four hydroxyls), and accounting for about a quarter of the total GA activity-were most consistent and striking in their changes. Their level in the apices increased 3-to 5-fold on the day after the long day and then subsided. When varous GAs were applied to plants in noninductive short days, flower initiation was induced by several, most notably by GA32, GAs, 2,2-dimethyl GA4, GA3, and GA7. GA32 was most like one long day in eliciting a strong flowering response while having little effect on stem growth, whereas GA, had the opposite effect. It is suggested that highiy hydroxylated C-19 GAs may play a central role in the induction of flowering in this long-day plant.
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action (30) .
Many different endogenous GAs are found in plants, and changes in their concentration in shoot tissue occur following vernalization or photoperiodic induction, e.g. in spinach (28) and Agrostemma (11) . Metzger and Zeevaart (18) have proposed that the conversion of GA,9 to GA20 in spinach is under photoperiodic control and conclude that the increase in GA20 is the cause of bolting in spinach, whereas in Agrostemma all the endogenous GAs underwent a transient increase following transfer to LD, associated with stem elongation (11) .
In the LDP Lolium temulentum, applications of GA3 and several other gibberellins induced flowering under noninductive SD. However, the growth retardant CCC did not prevent LD induction as it did in Samolus; in fact it substantially enhanced rather than reduced the effect of applied GA3 (4, 5) and a comparable response has been found in another LDP, Blitum spp. (10) .
In this paper, we present evidence for some of the changes in the endogenous GAs of L. temulentum during photoperiodic induction by a single LD, emphasizing the highly polar GAs in the true shoot apex, for which few data are available. These findings have led us to examine the effects of applications of several GAs, notably GA32, the results of which indicate very different specificities for stem growth on the one hand and for flower initiation on the other.
Several kinds of evidence implicate the GAs2 in the initiation of flowering in photoperiodically sensitive plants. Applications of GA3 and other GAs replace the requirement for LD or low temperature vernalization in many species (22, 29) . With the LDP Samolusparviflorus, inhibitors ofGA synthesis can prevent flower initiation, this inhibition being reversed by application of GA3 (l). Applied GAs also replace the need for SD in a few SDP and may enhance the effect of marginal SD induction (22) , while in Pharbitis nil they may be promotive when applied before the inductive dark period, although inhibitory when applied after it (13) . In the long-short-day plant Bryophyllum, applied GA3 replaced the need for LD, but not the subsequent requirement for SD: it acted in the leaf, apparently as a precursor for SD ' MATERIALS AND METHODS Plant Growth. Plants ofthe Ceres strain ofLolium temulentum were grown in SD (8 h natural daylight at 25°C, 16 h darkness at 20C) in the Canberra phytotron for 5 to 6 weeks, in which conditions they remain strictly vegetative (6) . In preparation for either GA treatment or exposure to a single LD, all tillers and leaves other than the three uppermost on the main stem were removed on the preceding day, when the plants were rerandomized within each cabinet. Five hundred to 1500 plants were usually grown in each experiment. After LD or GA treatment plants were returned to SD and were dissected 1, 2, 5, or 13 d later in batches to obtain samples of shoot apices and leaf primordia, and also after 3 weeks when stem length was measured and the flowering response determined from the stage of development and length of the shoot apex in lots of 14 to 16 comparable plants.
Materials for Endogenous Gibberellin Analyses. The organs used for GA analyses were the main shoot apex and the leaf primordium closest in size to the shoot apex, i.e. about 0.5 to 1 mm in length. The shoot apices were cut off above the junction of the first upwardly expanding leaf primordium. Apices from were those taken 1 or 2 d after the LD, but by S and 13 d after exposure to one LD they weighed about 10 and 25 Mg, respectively.
Samples weighing about 5 mg dry weight in total were obtained in each of three consecutive summers, the season when the response to a single LD is maximal and highly reproducible. Thus, up to 1200 shoot apices per sample were required, and each seasonal sample was made up in batches from 3 to 4 experiments (e.g. from experiments 230-232 in 1983-1984) . For each experiment the plants were divided into 6 lots, some plants in each lot remaining in SD while the others were exposed to a single LD. As indicated in Figure 1 , induced plants in each lot were dissected 1, 2, 5, or 13 d after the exposure to 1 LD (i.e. on d II, III, VI, or XIV, respectively). Control plants in SD were also dissected at the same times (from 1300-1600 h) each day, with the result that the control sample was made up of noninduced apices directly comparable to the induced samples in age, natural light conditions, and time of harvest.
As each shoot apex or leaf primordium was dissected it was placed immediately in glass tubes held in dry ice, and these were later stored at -70C. Only after the subsequent dissections for flowering response indicated that the SD controls were strictly vegetative, were the subsamples bulked, lyophilized, and extracted Extraction and Purification of Gibbereilins. The 1983-1984 lyophilized samples of shoot apices and leaf primordial were ground in a glass homogenizer, extracted with four volumes of 5 ml of 80:20 MeOH:H20 (v:v) and the volume made up to 40 ml with additional MeOH. Tritiated GA1 and GA4 (50 x l0. dpm of each; specific activity 32.6 and 38.2 Ci/mmol, respectively, purchased from Amersham Canada Ltd.) were added to each MeOH extract so that work-up losses and Rts could be estimated more accurately relative to these two GA standards. The extracts were filtered through Whatman No. 1 filter paper, and the 40 ml of filtrate was forced through a column of C18 reversed-phase material (3 g preparative C18. particle size 55-105 Mm; Waters Scientific Ltd., Mississauga, Ont., Can.) (15) . The column was then eluted with 20 ml of 80% aqueous MeOH, and the eluate (60 ml total) was taken to dryness in vacuo using excess MeGH. The residue was dissolved in water (1 ml) and 80% MeGH (1 ml), mixed with 0.5 g Celite, dried in a gentle air stream, and loaded onto a SiO2 partition column (prepared from S g of deactivated Woelm SiO2, scurried in 95:5 v:v EtOAc:n-hexane [formate-saturatedi). This was first eluted with 75 ml of 95:5 EtOAc:hexane (to remove most free GM), and then with 100% MeOH (100 ml) to remove highly water-soluble GAs and GA conjugates ( 15) . The EtOAc:hexane was dried in vacuo, and the 100% MeOH eluate was neutralized with NH4OH before drying in vacuo. The fractions that would contain the free GAs and the GA glucosyl conjugates were chromatographed on C18 reversed phase HPLC, as noted below.
The 1981-1982 and 1982-1983 samples of apices and leaf primordial were used initially for the preparation of RNA by the procedure described by Higgins et al. (9) . The GAs were subsequently extracted from the phenol phase (1 ml) by solution in 40 ml of 0.5 M phosphate buffer (pH 8.0), brought to pH 9.0 with KOH, and partitioned 5 times against diethyl ether (1:1 ether:buffer). The diethyl ether was discarded. The pH of the aqueous phase was then lowered to 3.0, and the aqueous phase was partitioned 4 times against an equal volume of EtOAc to extract free GAs. Such a procedure will also extract at least a portion of GA glucosyl esters and glucosides, especially for GAs of a less polar nature (15) . With these extraction techniques, a spike of radioactively labeled GA1 was recovered unaltered. The EtOAc was cooled to -7XC, the ice removed by filtering, and the EtOAc subsequently removed in vacuc at 350C. The dry residue was then treated as for the 1983-1984 samples.
HPLC of Gibberellins. Extract residues from the last 2 years' samples were chromatographed using reversed phase C18 HPLC. Dried residues were dissolved in small volumes of MeOH:H20: 1% acetic acid, filtered (Millipore HATF filter, 0.45 Mm pore size), and injected onto a C18 M-Bondapak column (Waters Associates). Solvent flow, at 2 ml/min from two M6000A (or M-45) pumps (Waters Associates), were controlled by a model 680 Automated Gradient Controller (Waters Associates). Solvents were MeOH:H20:acetic acid (10:89:1 v:v) (pump A) and 100% MeGH (pump B). Programs were similar to those used previously (14, 26) . For the 1982-1983 free GA fraction a gradient of 32.5 to 73% MeOH was used. For the 1982-1983 and 1983-1984 highly water soluble fractions and the 1983-1984 free GA fractions, a gradient of 10 to 73% MeOH was used. Two or 4 ml fractions were collected, and aliquots were taken for locating internal [3HJ GA standards. The fractions were dried partially in vacuo to remove most of the MeGH and the residue was frozen and lyophilized. The Rts of the [3H] GA1 internal standard, and of [3H] GA8 are indicated in Figure 3 .
Bioassay of Gibberellins. Free GA fractions were assayed for biological activity in the Tan-ginbozu dwarf rice micro-drop assay (19) , modified by using a 0.5 Ml microdrop and measuring after 48 h. Aliquot size varied from 1/50 to 1/800 of each HPLC fraction, as noted in the tables and figure legends. The highly water-soluble putative GA conjugate fractions (which could also contain significant amounts of polyhydroxylated free GAs) were bioassayed first by the microdrop assay, then by the immersion assay (20) , the latter being also able to detect GA glucosides, the former will detect efficiently only free GAs and GA glucosyl esters. Amounts of GA-like substances were calculated relative to a standard curve for GA3 (ranging from 10 pg to 100 ng/rice plant).
GA Applications. For applications to leaves, the GM were dissolved in 80 or 95% ethanol/water (v/v) and applied in 5 or, usually, 10 Ml of solution by micropipette to the central part of the upper surface of the youngest fully expanded leaf blade. Applications near the shoot apex were made by injection of 100 Ml of an aqueous solution of GA3 into the leaf sheath cavity. Control plants were treated with solvent alone. All applications were made at about 1400 h.
The sources or methods of synthesis of the GM used were: GA1 and 2,2-dimethyl GA4 (2, 17); GA3 (Sigma Chemical Co; St. Louis, MO, USA); GA4 (>97% A4), and GA7 (>95% A7; Abbott Laboratories, North Chicago, IL, USA); GA5 (21); GA. was purified from immature fruit of Prunus persica (27) . These were chosen to extend the results of earlier work with several GAs (4, 5) in the light of changes in the endogenous GA-like substances found in the Lolium apex. Their structures are indicated in Figure 2 . Controls and GA-treated plants, both kept in SD, were also compared with plants exposed to a single LD without GA on the same day as the GA treatments were given.
RESULTS AND DISCUSSION
Endogenous Gibberellins and GA-like Substances. A very broad spectrum of endogenous putative GA precursors, free GAs, Figure 3 and Tables I and II Tables I,   II ).
The significant increase in putative polyhydroxylated GA-like substances in the shoot apex following exposure to the single LD is apparent in Figure 3 and is quantitated in Tables I and II . This' fraction, which constitutes up to 30% of the total GA bioactivity in day II shoot apices, quickly subsided to the lower level when returned to SD, with the possible exception of the fraction with an Rt of 9 min (Fig. 3) . The phenol extractions of the apex samples gave a similar picture, with the putative polyhydroxylated free GAs increasing 2-to 3-fold in day II apices, but subsiding back to the SD level by day VI, whereas the fraction near the Rt of GA, continued to increase (Table II) . A similar time trend was apparent in the leaf primordia from these experiments, the polyhydroxylated fraction being only about one-fifth of the amount of the GAr-like fraction in the SD and day VI apices but twice as high as the GA,-like fraction on day II (Table  II) . The identity of these very polar GA-like substances is currently under investigation. Based on elution patterns of bioactivity and the Rt of authentic GA32 (Fig. 3) , only a minor portion is as polar as GA32. It is likely, however, that the bioactivity represented in fractions 6 to 16 (Fig. 3) is due to several GAs with three or four hydroxyl groups. Their rapid appearance after the single inductive LD is consistent with the overall increase in total GA-like substances alluded to above, and is suggestive of a rapid GA turnover associated with the inductive LD. Similar increases in GA levels and in rapidity of GA metabolism with LD treatment have also been noted by others (11, 18 and citations in 22, 29) .
What is most notable about the present findings is that the qualitative and quantitative changes in GA-like substances are seen in the shoot apex within a few hours of the end of the inductive LD, long before any vegetative growth response occurs. In fact, under our conditions (continued SD following the LD), the single inductive photoperiod results in only a slight increase in stem elongation during the following 3 weeks, although the length of the floral shoot apex increases several-fold (Fig. 5) .
It was these consistent changes in putative polyhydroxylated GA-like substances, combined with the report by Lona (16, 29) that prompted us to test a wider spectrum of GAs, including the polyhydroxylated GA32, on flowering in Lolium under noninductive SD conditions.
Highly Water-Soluble GA-Like Substances. The presence of the putative polyhydroxylated GA-like substances in that portion of the extract that will contain free GAs but not glucosyl conjugates of polar GAs (15) indicates that the bioactive substances with Rts of 6 to 16 min (Fig. 3) are probably free GAs, not GA glucosyl conjugates. However, GA glucosyl conjugate-like substances are also present (Table I) and do change between SD (where less polar ones predominate; data not shown) and day II. There is an especially large peak (near the Rt ofGA,/GA3) which is bioactive in the immersion bioassay, but not in the microdrop bioassay, indicating that it may be a GA glucoside but is not a GA glucosyl ester or free GA (4, 5) , so leaf applications of GA3 in 10,l of 95% ethanol were compared with injections of aqueous solutions near the shoot apex. The results in Table III indicate that such leaf applications, although better suited for comparative studies because of their greater reproducibility, were rather less effective than injections near the shoot apex. The results given in Table IV , for three experiments, indicate consistent differences between the GAs in their ability to induce flowering in SD. 2,2-Dimethyl GA4 was the most potent, while (Table IV , experiment 229) or GA32 (Fig.  5) gave the opposite response. The effect of dose rate for several GAs is shown in Figure 4 , for both apex and stem length. More than four orders of magnitude in GA dose separate 2,2-dimethyl GA4 from GA1 in the flowering response, but only two orders of magnitude separate them in the stem growth response.
The differences in the relative effectiveness of these GAs for flower induction as against stem elongation are illustrated in Figure 5 . As in Table IV , exposure to a single LD (of either 18 or 24 h) initiated flowering with little effect on stem length at the time the plants were dissected 3 weeks later. The GA that approaches this response most closely was GA32, followed by 2,2-dimethyl GA4. Gibberellin A. was least like the single inductive LD, trebling stem length but giving only a slight flowering response. It is notable that the other three GAs resulted in flowering responses equal to that following exposure to one 18 h day, at doses per plant of about 0.1 Mug for 2,2-dimethyl GA4, 0.5 Mg for GA32, and 50 Mg for GA3.
Results using scores for the stage of floral development at dissection were similar to those for shoot apex length in Figure  5 , as were the results of two confirmatory experiments (not presented). These differed in seasonal irradiance level and in the magnitude of the flowering response, though not in stem elongation (cf Table IV ), but the differences between the GAs in their relative effectiveness for inflorescence initiation as against stem elongation were highly reproducible.
Thus, the results ofexogenous applications ofGAs suggest that there are quite different structural requirements for reproductive development as against vegetative growth. Gibberellin Al is the likely 'effector' GA for vegetative shoot elongation in at least several plant species (23, 24) , and a GA,-like substance (which (Fig. 4) for each gibberellin. GA, (0),
is, however, not GA1) was consistently present in the Lolium apices and leaf primordia ( Fig. 3 ; Table I ). However, its level did not vary greatly as the daylength changed. Gibbereilin A1 was relatively inactive in floral induction asjudged by both the length and the development stage of the shoot apex. It had been so in earlier experiments with Lolium, as were GA4, GA8, and GA9 also (4) . A mixture of GA4 + GA7 was as effective as GA3 (5), implying that GA7 was effective for flowering, as is now found to be the case (Table IV) . Gibberellin A5 was active in the earlier experiments and again here, where it was generally as effective for flower induction as 2,2-dimethyl GA4, but with much less effect on stem elongation. But the polyhydroxylated GA32 proved to be most like the single LD in eliciting inflorescence initiation without appreciable stem elongation (Fig. 5) .
The pronounced difference between the various GAs in their relative effects on stem elongation and flower induction suggests some specificity of function, but also raises the question as to whether the dwarf rice bioassay used to examine the changes in endogenous GAs at induction was responsive to the most actively florigenic GAs. Dwarf rice cv Tan-ginbozu is, however, the most sensitive GA bioassay available and detects a broad spectrum of GA structures (3, 20) . It is also highly responsive to GA3, GA5, GA7, and GA32, which are among the most effective GAs for floral induction in L. temulentum. Moreover, it was the rice seedling bioassays that suggested to us the need to test the effect on flowering of one of the highly hydroxylated GAs, such as
GA32-
Of the naturally occurring GAs tested, the four most effective for the induction of flowering in Lolium are GA32, GA3, GA5, and GA7, all C1g compounds (Fig. 2) . Gibberellin A32 has four hydroxyl groups (at C-3, -12, -13, and -15), GA3 has two hydroxyls (at C-3 and -13), while GA5 and GA7 have only one each (at C-13 and C-3, respectively). However, GA, and GA8 also have hydroxyls at C-3 and C-13 yet are relatively ineffective for flowering in Lolium, whereas 2,2-dimethyl GA4, which is highly effective in the induction of flowering has only one hydroxyl, at C-3. Thus, the relation between hydroxylation and effectiveness in the induction of flowering in Lolium is unclear.
Gibbereilins A32, A3, and A7 all have a double bond in the A ring between C-l and C-2, and GA5 between C-2 and C-3, thereby probably diminishing C-2 hydroxylation. Gibberellin A1 is C-3 and C-13 hydroxylated but does not have a double bond in ring A, and is known to be readily C-2 hydroxylated to GA8 and thereby presumably inactivated (8) . Although 2,2-dimethyl GA4 has no double bond in the A ring, C-2 hydroxylation is prevented by the presence of the C-2 methyl groups (17) .
Thus, although the highly florigenic activity of applied GA32 correlates nicely with the sharp rise in putative polyhydroxylated GAs in the Lolium shoot apices soon after the single LD, the relatively high florigenic activity of GA5, GA7, and 2,2-dimethyl GA4 is not readily explained in terms of hydroxylation patterns. Being less polar than GA32 they may, however, be more readily taken up and transported, as is 2,2-dimethyl GA4 (17) , as well as being possibly protected from 2fl-hydroxylation by the presence of the double bond in ring A (17) .
Finally, we should note the extremely high GA content of the shoot apical tissue. Because we focus here on the more polar endogenous GAs, the full supporting data are not presented, but even the limited data in Table I indicate a high GA content. When all bioactive fractions are included, a total bioassay activity in GA3 equivalents of up to 42 ,g g-' dry weight has been found in day II Lolium apices, equivalent to more than 3 x 10-' M GA3 on a fresh weight basis. However, abscisic acid levels in these shoot apices are even higher, up to 3400 ,g g-' dry weight (12) . Because likely that even at our highest rates of GA application, apical levels would only be doubled or trebled, which is comparable to the increase following exposure to one long day.
